• Stand harvesting and regeneration were usually considered to be a critical phase for the sustainability of forest soils. The present study concerned the effects on soil chemical fertility of the clear-cutting of a highly productive Douglas-fir stand aged 67 years that was clear-cut with no disturbance.
INTRODUCTION
Soil fertility is not a completely renewable resource, and many French forest soils have low nutrient reserves [4] . All management strategies that do not respect an equilibrium between inputs and outputs in an ecosystem will lead to nutrient depletion [17] and to considerable modifications of all soil functions in the future, including ecological and environmental ones, as well as production [32] . the harvesting and regeneration phases, in order to quantify the overall net drain.
In the present study, the rotation phase was observed in an adult Douglas-fir plantation previously monitored for six years [40] . The soil solid phase was observed before the stand was harvested and for the three years following the clearcutting. A diachronic approach was chosen to avoid the effect of soil spatial variability, in a non-replicated experiment.
The present study concerns the changes in the soil phase related to clear-cutting. The hypothesis tested was that very low soil disturbance during harvesting operations would lead to minimal changes in the soil chemistry.
MATERIAL AND METHODS

Study site
The study site was located in the Monts du Beaujolais, France, (46 • 30' N, 4
• 38' E) at an altitude of 750 m. The mean annual temperature was 7
• C and the mean annual rainfall was approximately 1000 mm.
A chrono-sequence of three stands, aged 20, 40 and 60 years in 1992 was chosen to represent the total stand development. The variability between years was studied for six years [40] . The 66-year-old Douglas-fir stand (Pseudotsuga menziesii (Mirb.) Franco) was clear-cut in October 1998 and planted again with Douglas-fir in March 1999. The stand characteristics before the clear-cutting (autumn 1998) were: 206 trees per ha; an average height of 40 m; a mean diameter at breast height (DBH) of 53 cm. The ground vegetation, dominated by Rubus fruticosus L., Senecio nemorensis F., Rubus idaeus and Digitalis purpurea L., had a biomass of 2.8 t ha −1 . The soil is of the Alocrisol type [6] , and developed from the weathering of an old volcanic tuff from the Visean period. The soil texture was loamy. The humus was of the moder type. The carbon and nitrogen content of the upper soil horizon was relatively high (4.1% of C and 0.37% of N in the A 1 horizon). The soil was acidic with a pH ranging from 4.3 to 4.6 from upper (A 1 0-10 cm) to lower horizons (C 100 cm). Alkaline and alkaline earth cation saturation was low (15% in A 1 and then around 10). A complete soil description and its characteristics are provided by Marques and Ranger [29] .
Stand manipulation
The stand was clear-cut while maintaining all the measurement systems, e.g., lysimeters, moisture and temperature probes. The work was done with very limited disturbance to the soil, including the forest floor. Slash was manually windrowed outside the experimental plot (0.5 ha). Vegetation was manually controlled only once a year after the felling operation, in the immediate vicinity of the young Douglas-fir seedlings planted in the spring of 1999.
Soil sampling
Thirty-two soil profiles, distributed on an L-shape grid at regular intervals of approximately 3 m by 3 m, were sampled in September 1998 before harvesting the stand, and in the same month for three years following the clear-cutting. Destructive sampling involved a systematic calibrated shifting of the sampling place from the initial location.
Samples were collected at various depths: total forest floor, 0-5 cm, 5-10 cm, 10-15 cm, 15-30 cm, 30-45 cm, 45-60 cm. As for the forest floor, sampling of organo-mineral layers was carried out with a square stainless steel frame buried 15 cm deep into the ground; below 15 cm, samples were collected using a calibrated soil corer. All the samples (except for the forest floor) were collected on a volume basis.
Analytical procedures
-The forest floor samples were oven-dried at 65
• C, weighed and finely ground for the analysis. The total nutrient contents (P, K, Ca, Mg, S, Mn) were determined on individual samples by ICP spectrophotometry (Jobin-Yvon JY 180 Ultrase) after acid digestion in H 2 O 2 + HClO 4 . The total amount of N was determined by colorimetry using a TRAACS micro-flow analyser, after Kjeldahl digestion.
-The soil samples were oven-dried at 40
• C, then sieved (2 mm) to separate fine earth from coarse particles, and both were finally weighed separately. The bulk density of the coarse phase was measured by water displacement, and the bulk density of the fine earth was then calculated for each soil sample in order to quantify the nutrient reserve.
-Soil chemical analysis: the pH was measured in water and in 1N KCl (soil/solution ratio: 1:2.5 w/w). Organic carbon was measured by the Anne method [3] , organic-N by the Kjeldahl method, and available phosphorus by the Duchaufour and Bonneau method [16] [41] . Measurements were made in each replicate, except for P, which was only measured in half of the samples collected in 2001 (results were expressed relative to dry matter at 105
• C).
Quality control for soil analysis
To estimate the changes caused by the clear-cutting as accurately as possible, the soil samples were analysed each year by the same operators using the same method and the same equipment. Quality control was performed: (i) by using replicates for each group of analyses validating each series individually; and (ii) by re-analysing a set of samples initially analysed the year following the sampling for some key parameters, after a three-year-storage period, together with the last sample set. This type of comparison cumulates the effects of analysis reliability and reproducibility, and those of sample storage. The results were used to calculate the confidence intervals of determinations in order to evaluate significant soil changes.
Eleven soil profiles evenly distributed over the sampling grid were re-analysed (66 samples) for cation exchange capacity (CEC) and exchangeable cations. An analysis of variance was performed to compare the results and to calculate the intervals of confidence of the mean values. Due to material constraints, comparisons were only made between samples collected in 2001 and samples collected in 1998 before the clear-cutting, and analysed both in 1998 and 2001 for replicates.
The results presented in Table I indicate a very good agreement between the two sets of measurements. Significant differences only occurred for Al measured by ICP, H, Mn exch and Na exch . If measurement alone cannot explain the changes because of the presence of internal calibration, storage could be at the origin of changes, as previously demonstrated by Blake et al. [10] . No specific changes were detected for the organic or mineral layers. However, H decreased, probably indicating that it reacted with the solid phase. Al measured by ICP decreased by about 1 cmol c .kg −1 , while titrated Al was remarkably stable. This may indicate that the relatively shortterm storage induced polymerisation of exchangeable Al, which did not affect its titrable part. The increase in manganese (by less than 0.05 cmol c .kg −1 ) was generally attributed to the re-equilibration of Mn species during the first weeks of natural air-drying [8] . Sodium changes were generally attributed to 'contamination' during laboratory treatments [10] . Two possibilities arose: (i) first, the case of elements usually classified as sensitive to changes during storage (Mn, H, Al?), for which the only way of working was to accept changes over time; and (ii) second, the case of elements not sensitive to changes during storage, whose re-analysis provides the limits for an interpretation of the changes.
Validity of the measurements
The test for reproducibility of concentrations made on 11 soil profiles was extrapolated to 32 profiles because the variability covered by the 11 profiles was of the same order as the total variability for the 32 profiles (data not shown). Confidence intervals for the 32 profiles were then calculated using the square deviation for the replicated 11 profiles with the following formula:
where t is the Student t value depending on the degree of freedom, SD the square deviation, and n the number of observations. To quantify the soil nutrient reserves, we used the sample volume, the percentage of fine earth (particle size < 2 mm), the bulk density and the chemical analysis of fine earth for each sampling point. The bulk density of fine earth was measured in three out of the four sampling times in the upper 15 cm, and in two sampling times in deeper layers. The time variation was quite low and not significant in the upper layers, but larger (about 20%) and significantly different between the two measurements in deeper soil layers (Tab. IV). The difference in soil moisture at sampling time may have indirectly influenced the observations in the deep layers [30] . The percussion coring method that was used may have led to some compaction when the soil moisture was higher. The mean value for the whole set of samples was used in the calculation, and no temporal variation of physical soil properties was considered. Since no machinery was used in the experiment, we believe that it is reasonable not to consider any physical change.
Confidence intervals of the difference between years were calculated according to the following formula:
n where t 95% is the value of the Student coefficient for an error risk of 5% and a degree of freedom equal to n-1 observations, and where x 1 , x 2 and SD 1 and SD 2 are the mean and square deviation, respectively, for years 1 and 2.
Data analysis
An analysis of variance was performed to compare the concentration of elements between the different sampling times using Unistat software (Student-Newmans-Keuls tests were applied at 5% significance).
A specific treatment of the data, based on the theory of regionalised variables [49] , was used with three objectives: (i) to identify a possible spatial structure in the distribution of the value of the variable; (ii) to apply the most accurate variance analysis according to the results obtained; and (iii) to check the possibility of reducing the sample number because of the cost of such an analysis. The analysis of spatial variability relies on the computation of the semi-variogram sample. A semi-variogram is an average measurement of the change of an attribute, referred to as a regionalised variable, according to the scale used. It breaks down the spatial variability of observed variables into distance classes [27] . The empirical semi-variogram at the distance d is defined as: 
2 ] does not depend on x i but only on d. The aim of detrending is to appropriately model the data in order to estimate the underlying random distribution process. Statistical computations were implemented on S-plus software (S-plus for Unix version 3.0, Statistical Sciences Division, Mathsoft Inc., Seattle, WA, USA) using the "S + Spatial Stats Module". Maps were created with Golden Software Surfer 7.0 (Golden Software, Inc.).
RESULTS
Spatial structure of the variation of soil characteristics
Empirical semi-variograms were drawn after verifying the stationarity test for variables. In most cases, the semi-variance almost reached the maximum value observed at the first distance class: no semi-variance increment with increasing distance between points was observed. In other words, the average variance between close points was comparable to that of distant points, since it did not depend on the distance between them. Examples for C org and Norg are presented in Figure 1 . It was impossible to conclude that there was no spatial structure of the studied variables because the number of points included may have been insufficient to reveal such a process. However, it can be established that no autocorrelation existed in the data set because each plot provided new information, and because the precision of estimation depended on the number of plots included but not on their location. This result was demonstrated for distances of less than 50 m. Since no geographical structure of the data set was observed, a sub-sampling (systematic as well as random) is allowed. A classical comparison of paired variables for analysis of variance was therefore used.
Effect of the clear-cutting on soil characteristics
-Forest floor: before the clear-cutting, the forest floor mass consisted of about 41 t.ha −1 of dry matter. It contained 17 t of C, 619 kg of N, 43 kg of P, 85 kg of K, 228 kg of Ca and 59 kg of Mg per ha. One year after the clear-cutting, the dry matter mass and the nutrient content had not changed (except for Mg). In 2000 and 2001, the forest floor mass and its nutrient content considerably declined (Tab. II), but without any significant changes in the nutrient concentrations, which tended to recover their initial values with the notable exception of Ca (Tab. III). During this period, C concentration decreased constantly, indicating that some mineral material was integrated into the forest floor, which considerably diminished in thickness.
-Organo-mineral soil layer: concentrations and statistical significance of differences between the four sampling dates are presented in Tabl. IV. One year after the clear-cutting, changes were generally small. However, they were significant for some elements e.g., K exch , Al exch , available P, and to a lesser extent for Mg exch , H exch and C org . In the upper layers [0 to 10cm], changes were limited; ICP-Al exch decreased, whereas C org and A different letter for a same element indicates significant differences between dates at p > 0.05. H2O increased, and available P recovered its initial values. Changes were more linear in the deeper soil layers with a decrease in K exch , Ca exch , Mg exch , 'base' cation saturation, H exch and ICP Al exch ; eCEC did not change, P recovered its initial level, C org and N org decreased but only significantly at a depth of 45-60 cm, and pH H2O and pH KCl increased by 0.1 to 0.3 pH units.
Three years after the clear-cutting, the changes confirmed the tendencies identified after two years, but some parameters such as CEC or pH tended to recover their initial values.
These observations are summarised in Table V in 
Element reserves in soil layers
The dynamics of soil changes after the clear-cutting depended both on the concentration changes and the spatial variability of the bulk density because no time change was considered for the bulk density in our study. For the period 1998-2001, the results presented in Table VI show a significant increase in organic C and N, available P, and in exchangeable K and Mg in the 0-5 cm layer. Upon reaching the 5-10 cm layer, this trend persisted for C org and available P, but not for the other elements that decreased; nevertheless, confidence intervals were too large for significant changes. In the deeper soil layers, the change tended towards a decrease in K, Ca and Mg content (always significant for K and Mg, but only significant for Ca in the 30 to 60 cm layers), an increase in exchangeable Al (only significant in the deepest layer), a decrease in N org (only significant in the deepest layer), and an increase in P (significant from 15 to 60 cm in depth). Organic C tended to increase in the medium soil layers [10-30 cm] and to significantly decrease in the deepest layer [45-60 cm] .
The dynamics of these changes during the three years following the clear-cutting were maximal in the upper layers in the second year, whereas they were more gradual in the rest of the soil profile. 
DISCUSSION
Changes in the forest floor
Important changes take place in the forest floor (FF) following clear-cutting [21] . In the present study, returns from trees were stopped, no slash remained on the soil, and the understorey vegetation did not produce large amounts of litter because its biomass was limited (4 to 5 t of DM.ha −1 .year
consisting of biennial species). More than 55% of the initial DM (10.2t of C ha −1 ) and about the same percentage of C and nutrients (from 48% for Mg to 63% for Ca), which represented 323 kg N, 23 kg of P, 47 kg of K, 144 kg of Ca and 28 kg of Mg per ha, had disappeared three years after the clearcutting. The decrease probably continued after the third year when 18t of DM.ha −1 remained, but probably without leading to the complete disappearance of FF because the new Douglasfir plantation was developing quite quickly and the concurrent vegetation was still present, ensuring a complete covering for FF and a new source for litter fall. A test of decomposition of individual slash components using the litter-bag technique was carried out at the site to measure the rate of nutrient restitution. Results showed that about 50% of needles and 30% of branches disappeared during the same three years (experiment still going on -Zeller et al., unpublished data).
Changes in the mineral soil
As previously shown in several studies, statistically significant short-term changes in soil characteristics were not easy to identify because of large spatial variations and because of the difficulty of accurately reproducing soil analyses [12] . Nevertheless, there was evidence that soil characteristics were rapidly modified at the study site after the stand was harvested.
Changes concerned both the organically-bound elements such as C, N and P, and the mineral exchangeable cations. Observations could be explained by the properties of each element: -The biodegradability of SOM led to a rapid decrease in C org and N org in the profile, but part of the organic matter from the forest floor was physically transferred to the upper soil layers. -Though it was reduced after the clear-cutting, nitrification led to an excess in nitric acid, which was neutralised in ion exchange or weathering reactions, leading to cation losses [26] . -Phosphorus released by the mineralisation of FF and SOM tended to accumulate in the soil profile due to its very low solubility in the drainage water [46] . -The cation exchange capacity (CEC) followed the C org fluctuations that increased in the upper layers and decreased in the lower layers. Small changes in soil pH did not lead to significant modifications in C org reactivity. -Alkaline and alkaline earth cations (base cations) reacted very quickly to the cycle changes; they increased in the upper layers and were depleted in the other layers.
Changes in pH values were rather limited for both water and KCl measurements. The soil solid phase appeared to be quite well-buffered against changes. A quantification of the soil reserves showed that part of the material leaving FF was transferred to the mineral soil where organic C increased by 9.5t ha −1 in three years on the upper 30 cm layers. The other part of the FF material, assumed to be predominant on the basis of other studies, was mineralised to CO 2 (from 80 to 95%, according to Berthelin et al., [9] ). Soil organic C also evolved from the root decomposition of the previous stand and from the newly developing understorey, although the root biomass of the understorey was not measured. A rough calculation based on the following parameters -an 1 Available reserves for all element except C and N (total reserves).
A different letter for a same element indicates significant differences between dates at p > 0.05.
aboveground to belowground biomass ratio of 1, a fine root to total root ratio of 0.5, a fine root turnover of six months, and a mineralisation rate of C org of 0.8 -indicated that the contribution of understorey roots could not be greater than 0.5 t of C ha −1 . Measurements made on the 47-year-old Douglasfir stand of the chrono-sequence had shown that the root system represented 18% of the total stand biomass [37] , in other words, 2.1 t ha −1 for fine roots and 4.6 t ha −1 for mediumsized roots whose decomposition after three years was 35%. If we consider that the root system did not change when the stand was 47 to 68 years old, and that big roots and stumps were not significantly decomposed during the three-year period, then the decomposition of tree roots could range from 1.2 to 1.5 t of C, no more than 50% of which would be integrated into the C-organic pool. This suggests that about 50% of the FF would have been directly incorporated into the mineral layers, probably by bioturbation. Moreover, speciation of C org would probably have shown that clear-cutting may also have affected the quality of SOM; the increase in the C:N ratio was an indicator of these changes.
Changes in the mineral soil need to be analysed by layer groups, differentiating between the upper and the lower horizons, and distinguishing between strongly organically-bound elements such as. C and N, and to a lesser extent, P and exchangeable mineral elements.
In the uppermost soil layer [0-5 cm], the net enrichment of C and nutrients mainly resulted from the transfer of material from FF degradation: transfer of OM resulted from physical and biological processes, and transfer of cations occurred in solution. In fact, this enrichment masked an opposite trend linked to a general increase in the turnover rate of soil organic matter due to the physical changes in the soil climate and to the considerable changes in the biological cycle linked to tree harvesting (no more uptake and returns). In the 5-10 cm layer, the compensation for the transfers from the FF and the quick degradation of SOM led to a stabilisation of C org and N org and a limited deficit for the nutrient budgets. In deeper layers, the imbalance between these two processes increased, and the budgets became more highly negative. In the deepest layers, C org and N org tended to decrease, desaturation was considerable, and exchangeable Al increased. Phosphorus displayed a significant increase in the lower layers, indicating that it was released by mineralisation but stayed in the profile because of its very low solubility.
Even with 32 soil profiles being analysed repeatedly, it was difficult to quantify the changes of the mineral soil with high accuracy, as shown by the large confidence intervals of the mean values: −115 ± 26 kg.ha −1 for K, −11 ± 32 kg.ha
for Ca, −16 ± 4 kg.ha −1 for Mg, −176 ± 375 kg.ha −1 for N, +5558 ± 5040 kg.ha −1 for C, and +148 ± 40 kg.ha −1 for P 2 O 5 . Changes calculated relative to available soil reserves in 1998 were: −18% ± 4% for K, -3 % ± 8% for Ca, -19% ± 5% for Mg, +19 ± 5% for P, +4% ± 4% for C, and −1.5% ± 3% for N, relative to total organic reserves.
Budgets calculated for the soil, for forest floor, for organomineral layers or for the total 60-cm depth indicated that soil changes were relatively large, both in absolute and relative values. Considering the short period following the clearcutting, this indicates rather drastic changes. Soil temperature and soil moisture increased after the clear-cutting [19] , leading to a noteworthy but short increase in the soil microbial biomass [42] . The forest floor considerably decreased but the mineral soil recovered part of this mass as organic C. The C budget indicated a net loss of 10.2 t.ha −1 for FF and a net gain of 5.6 t.ha −1 in the mineral soil, which corresponded to a net loss of 4.6 t.ha −1 of organic C for the overall soil. The flux of cations released by the weathering of soil minerals measured at the site during the previous forest production cycle indicated a limited capacity of the soil to restore its natural fertility. The estimation of the weathering flux was only 7.5 kg.ha −1 y −1 , 0.9 kg.ha −1 y −1 and 1 kg.ha −1 y −1 for Mg [18] . It may have increased slightly during the early regeneration period of the stand, but not enough to compensate for the losses.
The loss of 'base' cations and the reverse tendency of accumulation of Al 3+ on the CEC, as well as the accumulation of C, was typical of an acidification process, but with no major changes in the soil pH [13] .
The high nitrification rate was probably the most active process of soil desaturation and weathering before and after the cutting, even if this rate decreased after the clearcutting [25, 26] . All the nitrates produced and not taken up by the vegetation or immobilised by microbes gave a positive proton budget, immediately neutralised by the soil solid phase in ion-exchange or mineral weathering reactions. The changes in K were the greatest and were associated with a rapid and efficient K-cycle. K is thought to undergo a cycle several times a year as it is not energetically-bound in organic molecules. Depletion of K was associated with the intense mineralisation of organic matter, and to the disruption of the biological cycle. Before the clear-cutting, the annual biological cycle had contributed about 10 kg.ha −1 through crown leaching and 7 kg.ha −1 through litter fall to the soil surface. This disruption led to a rapid desaturation of the CEC for an element whose retention in the soil strongly depends on the ion exchanger, in other words, specific efficient adsorption on vermicultetype sites [43] but low efficiency of organic sites [20] . The case for Ca and Mg was rather different. These elements were widely recycled mainly by litter fall (22 kg.ha −1 y −1 for Ca and 2.3 kg.ha −1 y −1 for Mg), but their cycle was slower due to the limited role of crown leaching [40] . Ca, efficiently fixed by the soil organic exchange, tended to be retained, whereas Mg, which was not as specifically adsorbed, was more sensitive to soil leaching [5] . Phosphorus, which has a very conservative cycle, just accumulates if mineralised.
Total changes showed that both the forest floor and the mineral soil changed but that changes in the forest floor were more extensive, except for P and K (Tab. VII).
Reversibility of changes and relevance to soil functions
Reversibility means that soil changes need to be related to the present available pool and that investigations have to be conducted on the long-term to control the dynamics of restoration processes. In the present study, the biogeochemical cycle proved to be very efficient, but the active pool ensuring tree nutrition was quantitatively limited [38] . Consequently, stand development is a key factor for soil recovery. The potential of soil mineral weathering to restore the current soil fertility in such an acidic soil is small and not linear because the most easily weatherable minerals have already disappeared. Potassium would certainly have recovered because the weathering flux was not that low (estimated at the site at 7.5 kg.ha −1 y −1 by Ezzaïm, [18] ), and its cycling was efficient and rapid when stand development reached canopy closure (at age 10). The depletion of Ca (−25% of available reserves) and Mg (−32% of available reserves) are of the most concern because the soil reserves were very limited for these elements when compared to the threshold levels given by Bonneau [11] . Losses of Ca and Mg in such acidic soils are relevant because of their direct involvement in tree nutrition. However, it is more important to recognise that Ca is an efficient flocculent for soil aggregation and a catalyst for the activity of microorganisms. For Ca and Mg, the potential of restoration of available reserves by mineral weathering was approximately 1 kg.ha −1 y −1 [18] . The total atmospheric deposition compensates for part of this internal deficit but requires a developed stand to become significant (low fixation by ground vegetation). In the previous Douglas-fir stand, the total deposition was 8.7 and 1.3 kg.ha −1 y −1 , respectively for Ca and Mg, among which 5.6 and 0.8 kg.ha −1 y −1 were dry deposition caught by trees [40] .
The cation exchange capacity (CEC), which measures cation retention in soils, was not modified after clear-cutting, indicating that the ion exchanger kept its characteristics, in other words, Al fixed on CEC did not polymerise, and SOM quality was not considerably altered.
Changes concerning soil organic matter (C, N) may be considered as reversible, as is usually the case in temperate climates. This is true except when drastic changes occur and, more particularly, if the soil remains bare for a long time or when land use changes. Organic C and N should recover with the development of the new stand. In the early stages, the development of N-fixing species in the spontaneous vegetation, such as Cytisus scoparius (L.) Link., would probably compensate for part of the N losses. In 2004, it represented 10 t of DM.ha −1 , which contained 100 kg of N, independently of N fixed and transferred to the soil (not measured). The same phenomenon occurred to some degree for the other nutrients temporarily stocked in the spontaneous vegetation.
In the present situation, losses by drainage did not greatly increase after clear-cutting and are therefore not able to completely explain the soil changes [39] .
The young stage of the previous plantation was associated with high losses of cations resulting from excess nitrification [25] . If this had also occurred in the new plantation, serious losses in soil fertility would have been observed. Nevertheless, this was not necessarily the case because the new plantation did not take place on land abandoned by agriculture as in the first rotation, but instead replaced a previous Douglasfir stand. Further monitoring must be carried out in the coming years because the starting point for the new stand is now perfectly known and extrapolation from the previous rotation is uncertain.
In terms of soil production capacity, nutrient depletion corresponds to a decrease in availability, which does not necessarily lead to a decline in production. It depends on the absolute richness of the site and on the relationships between availability and crop response, which is unfortunately unknown for Douglas-fir in France. The requirements of Douglas-fir in terms of nutrients appear unlikely to lead to an immediate decline [50] .
A comparison of the present study to previously published results
The impact of the clear-cutting of forest stands has been studied in many situations, especially in the United States. Results show that it tends to increase the rate of soil organic matter mineralisation [14] and often increases the nitrification rate [48] and, consequently, the leaching of nutrient cations out of the rooting zone [45] . Whole-tree harvesting tends to make soil reserves decrease more than stem-only harvesting, but it widely varies according to the situation. Carbon and, more generally, N are concerned in the upper soil layers [33, 44] but sometimes 'base cations' [23] . Slash treatment is important because slashes improve the soil organic reserves [21, 24, 47] and the nutrients, either fixed or not by soils [2] , directly through mineralisation or indirectly through incorporation. Silvicutural practices such as strip-cutting decrease the negative impact of clear-cutting [15] . The control of understorey vegetation also has a strong effect on nutrient losses. Understorey acts as a buffer, retaining nutrients and preventing their leaching. Its complete and repeated eradication leads to intense mineralisation of the soil organic matter in most cases [44] , and could increase the nitrification rate. It also leads to the leaching of nutrient cations [31] .
The most commonly observed effects are short-term ones, whereas long-term trends generally remain speculative [2] . Simulation gave some indications as to the duration required for returning to pre-harvest levels. For example, Aber et al. [1] showed that up to 70 or 80 years were necessary for the forest floor to recover its C content.
It remains difficult to make general conclusion according to treatments and site characteristics. Soil nutrient depletion seems to be mainly determined by the length of time that the soil is left bare, but past land use has a major impact.
CONCLUSION
1. The hypothesis that low soil disturbance leads to small changes was not verified in the present study: changes were rapid and significant. The forest floor decreased and the mineral soil underwent a limited but real acidification. The changes demonstrated that the soil was in a dynamic equilibrium and was able to evolve rapidly with the environment. The changes in soil climate and the disruption of the biological cycle were the driving forces for changes [7] . The efficiency of the cycling processes to maintain alkaline and alkaline-earth cations in the upper layers of acidic soils was demonstrated once again.
2. In the present situation, 'base' cation desaturation, which is not reversible, is of some concern, as concluded from several indicators.
3. The wide spatial variability of soils, which required the use of a large number of samples in order to increase the accuracy of measurements and to obtain the smallest possible confidence intervals, proved to be the greatest difficulty, as mentioned above [22, 51] .
4. The duration of the impact of clear-cutting, the reversibility of changes, the cumulative effect of constraints and of their consequences on soil functions are all aspects that will remain speculative until long-term studies can be carried out [35] . In such an ecosystem where the effects of previous agricultural land use are still felt in terms of current soil function, it is impossible to directly extrapolate from the observations made on the early stage of development of the previous rotation to the new plantation situation [40] . The same situation occurs in the majority of high-yield plantations in France.
